is the most frequently used host for production of enzymes and other proteins by recombinant DNA technology. E. coli is preferable for its relative simplicity, inexpensive and fast high-density cultivation, well-known genetics, and large number of compatible molecular tools available. Despite all these advantages, expression and production of recombinant enzymes are not always successful and oen result in insoluble and nonfunctional proteins. ere are many factors that affect the success of cloning, expression, and mass production of enzymes by recombinant E. coli. In this paper, these critical factors and approaches to overcome these obstacles are summarized focusing controlled expression of target protein/enzyme in an unmodi�ed form at industrial level.
Introduction
In the past few years recombinant DNA technology has enabled scientists to produce a large number of diverse proteins, in microorganisms, that were previously unavailable, relatively expensive, or difficult to obtain in quantity [1] . While the expression of foreign genes has been reported in a variety of microorganisms and cell lines, most of this work utilizes E. coli for the cloning and expression of foreign genes [2] . Production of enzymes involves cloning of the appropriate gene into an expression vector under the control of an inducible promoter [3] .
Enzyme Production in E. coli
e expression of recombinant proteins in cells in which they do not naturally occur is termed heterologous protein production. Bacterial expression systems are commonly used for production of heterologous gene products of both eukaryotic and prokaryotic origin [4] . e expression of heterologous proteins in E. coli, which is the bacterial system, is most widely and routinely used. A number of therapeutically important proteins are now produced as heterologous in E. coli. e �rst heterologous protein to be employed clinically was human insulin produced in E. coli, �rst approved in 1982, in UK, West Germany, e Netherland, and USA [5] ( Table 1) .
General Considerations of Selecting E. coli as Heterogeneous Protein Expression Host
E. coli is widely used as the host for heterogeneous protein expression for the following advantages: (1) ease of growth and manipulation using simple laboratory equipment; (2) availability of dozens of vectors and host strains that have been developed for maximizing expression; (3) a wealth of knowledge about the genetics and physiology of E. coli; 
Limitations Using E. coli as Heterogeneous Protein Expression Host
ey are (1) inability of E. coli as a prokaryotic to carry out posttranslational modi�cation which is typical for eukaryotic; (2) limited ability to carry out extensive disul�de bond formation; (3) some proteins are made in insoluble form, a consequence of protein misfolding, aggregation, and intracellular accumulation as inclusion bodies; (4) sometimes sufficient expression may not be observed due to protein degradation or insufficient translation (mRNA may remain in secondary structure and translation hampered); (5) codon sequence for a speci�c amino acid in Eukaryotic is different from Prokaryotic as E. coli. is phenomenon is known as "codon bias" which vastly hampers protein synthesis and gene expression in E. coli [6] .
Factors Affecting Expression of Enzymes in E. coli
e expression of genes of enzymes in E. coli is in�uenced by a range of factors. ese are discussed below. constitute the core enzyme, addition of conferring promoter speci�city makes up the holoenzyme. e factor is responsible for the recognition of the promoter, and it follows that each factor recognizes a different promoter [8] . E. coli codes for six alternative factors where 32 is needed aer a sudden temperature upshi and replaces the housekeeping factor 70 during the stationary phase. So far, only 70 is used in the production of recombinant proteins such as enzymes [3] .
(b) DNA Sequences Involved in Translation. It became clear that the wide range of efficiencies in translation of different mRNAs is predominantly due to the structure at the 5 � end of each mRNA species. e translation initiation region comprises four different sequences: (1) the Shine-Dalgarno sequence, (2) the start codon, (3) the spacer region between the Shine-Dalgarno sequence and the start codon, the optimal spacing has been determined to be 4 to 8 nucleotides, and (4) translational enhancers [3] .
e secondary structure at the translation initiation region of the mRNA plays an important role in the efficiency of gene expression. It has been shown that occlusion of the Shine-Dalgarno sequence and/or the start codon by a stemloop structure prevents accessibility to the 30S ribosomal subunit and inhibits translation [9] . e mutation of speci�c nucleotides up-or downstream from the Shine-Dalgarno sequence suppressed the formation of mRNA secondary structures and enhanced the translation efficiency [10, 11] .
e "Strength" of the Transcriptional
Promoter. For higher expression, the gene of enzymes should be placed under the control of a strong promoter. Many plasmid and bacteriophage vectors have been developed in which the cloned gene is situated immediately downstream from a strong transcriptional promoter [2] . Use of these vectors requires that the promoter should not be constitutive (i.e., always turned on) but, rather, be turned on at a speci�c stage in the growth of the transformed E. coli cells. is is oen accomplished by the addition of a speci�c metabolite or by a shi in the temperature of the growth medium [12] . Regulation of promoter activity ensures that the expression of a foreign gene does not interfere with normal cellular gene functions and is not deleterious to the cell. Failure to regulate the expression of strong promoters oen results in the loss of the plasmid carrying the strong promoter or the constitutive expression of the strong promoter which may be lethal to the cell [13] .
e most widely used strong promoters are from the E. coli trp and lac operons, the tae promoter (an in vitro construct including elements from both the trp and lac promoters), and the leward, or pL, promoter of bacteriophage lambda [4] .
e Stability of the Vector in E. coli Cells.
Aer a foreign gene has been cloned into an expression vector, the vector is introduced into competent E. coli cells that become a source of the foreign protein. However, plasmids are not always stable, especially in cells grown for many generations in largescale cultures [14] so that when a process is scaled up it is important that vector stability be addressed. Since a plasmidfree strain has a faster-speci�c growth rate than a plasmidcontaining strain, as a result of the metabolic energy which is expended for plasmid maintenance, the plasmid-free strain will eventually outcompete the plasmid-containing strain [15] .
Reasons of Instability.
(1) Plasmid stability is in�u-enced by the vector and host genotypes; the same plasmid in different hosts exhibits different degrees of stability and vice versa [16] . (2) e origin and size of foreign DNA have been observed to affect the plasmid stability [16] . (3) Plasmid loss �rst occurs at the level of the individual cell as a result of defective segregation at cell division, and then at the population level [15] . (4) Instability is due to increase in metabolic energy required for plasmid maintenance and function [17] . (5) Plasmid stability is also a function of physiological parameters that affect the growth rate of the host cell, which include pH, temperature, aeration rate, medium components, and heterologous protein accumulation [16] .
Solutions to the Problem of Instability.
(1) e most common method of ensuring that a recombinant plasmid is not lost during the growth of the microorganism is the inclusion of antibiotics which are selected for the presence of plasmids carrying the appropriate antibiotic resistance genes. However, scale-up of this approach may not be economically feasible due to the cost of the added antibiotics placed on the cell [14] . (2) An analogous strategy involves the use of runaway-replication plasmid vectors where plasmid copy number is relatively low at lower temperatures and is increased when the temperature is raised. e lower plasmid copy number during much of the cell growth cycle reduces the metabolic load on the cell and ensures plasmid stability. At the same time the higher plasmid copy number for a portion of the growth cycle results in high levels of expression of the cloned foreign gene [18] .
e Number of Copies of the Gene.
Since the target gene is oen incorporated into a plasmid vector system, gene dosage is dependent on plasmid copy number. As can be expected, an increase in copy number results in concomitantly higher recombinant protein productivity, but not inde�nitely. Plasmid copy number is affected by plasmid and host genetics and also by cultivation conditions such as growth rates, media, and temperature [19] . Organisms show marked differences in codon preference. In fact, it appears that the frequency of codon usage in an organism is a direct re�ection of the pool of cognate tRNAs [20] . Highly expressed genes use codons for which there is a large pool of cognate tRNAs while regulatory genes oen use codons for which there is only a very small pool of cognate tRNAs. Accordingly, expression of a foreign gene may be limited by the availability of a particular aminoacyl tRNA [21] . e codon usage by the different species can be quite different. As an example, codon usage for arginine of four different species is presented in the following Table 2 .
Codons Utilized in Foreign Gene
Overexpression of genes with high contents of rare codons may result in defective synthesis of the corresponding enzyme. Besides the amount, the location of rare codons within the coding region can signi�cantly in�uence the translation level. Rare codons close to the initiator may stall the ribosome and prevent the entry of new incoming ribosomes [22] .
Solutions to the Problem of Codon
Usage. ere are two experimental solutions to this problem: (1) increase in the amount of the appropriate cognate tRNA, (2) alteration of these codons to frequently used ones by sequence-speci�c mutagenesis [22] .
e Stability and
Efficiency of mRNA. mRNA of recombinant genes tends to accumulate in the cell; however, E. coli mRNAs are rather unstable. Some features of mRNA affect its stability. ese include (1) the Shine-Dalgarno (S-D) sequence at the 5 � end of the mRNA that is thought to help position the mRNA on the ribosome, (2) the distance between the S-D sequence and the initiation codon, and (3) the secondary and tertiary structure of the mRNA [7] .
Solutions.
(1) It was reported recently that the addition of a short-speci�c DNA sequence (approximately 89 base pairs) to the distal end of cloned genes may stabilize the mRNA transcribed from that gene, thereby increasing gene expression. is "retroregulator" sequence probably becomes incorporated at the 3 � end of the mRNA, protecting it from exonuclease digestion [23] . (2) It has been shown that stable secondary structures engineered into the 5 � untranslated region and 3 � rho-independent terminator of the mRNA can aid in mRNA stability and prevent degradation by exonucleases. In particular, a hairpin at the 5 � end without any 5
� single-stranded nucleotide overhangs has conferred mRNAs with considerable resistance to exonuclease activity in the cytoplasm [24] .
e Location of the Cloned Protein within the E. coli Cell.
While E. coli proteins are synthesized in the cytoplasm, it is possible to direct a cloned gene product to the cytoplasm, the inner or outer membrane, or the periplasmic space [25] . Secretion of a cloned gene product to the periplasmic space oen allows for higher levels of expression of the foreign protein that might be degraded by proteases in the cytoplasm [26] . E. coli is capable of recognizing and correctly processing signal sequences so that secretion of enzymes into the E. coli periplasmic space is possible [27] .
ere are Four Reasons to Translocate Recombinant
Proteins into the Periplasm. (1) the oxidizing environment facilitates the formation of disul�de bonds, (2) it contains only 4% of the total cell protein (∼100 different proteins), (3) there is less protein degradation, and (4) easy puri�cation by osmotic shock [3] .
Disadvantage of Periplasmic Expression.
While it is technically feasible to direct the protein products of foreign genes to the inner or outer membrane, high levels of a foreign protein in the membrane may interfere with normal cellular functions and be lethal to the cell [28] .
Solution.
Expression vectors have recently been constructed which place the genes for foreign proteins, not normally secreted, behind a DNA fragment encoding a signal sequence. is results in the foreign protein being efficiently secreted (in large amounts) to the periplasmic space with no evidence for accumulation of the unprocessed form in the cytoplasm [29] .
e Stability of the Cloned Enzyme in E.
coli. Secretion of a cloned gene product to the periplasmic space oen allows for higher levels of expression of the foreign protein that might be degraded by proteases in the cytoplasm [26] . e large-scale production of eukaryotic proteins in E. coli is oen limited by the instability of these polypeptides within the bacterial host [30] .
Protease susceptibility can be affected by the N-and Cterminal sequences of the recombinant protein. e presence of Arg, Leu, Lys, Phe, Trp, or Tyr at the N-terminus targets proteins for more rapid degradation (N-end rule). Nonpolar amino acids at the C-terminus can lead to rapid degradation; however, proteins with last �ve amino acids polar or charged fail to be degraded [31] .
Other factors in protease susceptibility include (1) the presence of damaged or excess protein products caused by formation of incomplete polypeptides, (2) excessive synthesis of subunits from multimeric complexes, (3) posttranslational damage, or genetic engineering of the target protein, and (4) culture growth parameters such as nutrient composition of media, growth temperature, and pH [32] .
Solving the Problem.
(1) A common strategy which has been used to overcome this problem is to fuse the gene for the eukaryotic protein to a portion of a bacterial gene [33] . (2) An alternate approach to stabilizing a cloned protein is to clone multiple copies of the gene in tandem onto the same plasmid [34] .
Inclusion Bodies and How to Prevent eir Formation.
Rapid production of recombinant proteins can lead to the formation of insoluble aggregates designated as inclusion bodies [35] . ese are large, spherical particles which are clearly separated from the cytoplasm and result from the failure of the quality control system to repair or remove misfolded or unfolded protein [36] . In this instance it may be advantageous to clone the gene into a secretion vector so that the cloned protein does not accumulate in the cytoplasm [37] .
Solutions.
Strategies to prevent the formation of inclusion bodies are aimed to slow down the production of recombinant proteins and include (1) low-copy number vectors, (2) weak promoters, (3) low temperature, (4) coexpression of molecular chaperones, (5) use of a solubilizing partner, and (6) fermentation at extreme pH values [3] . (7) A common strategy which has been used to overcome this problem is to fuse the gene for the eukaryotic protein to a portion of a bacterial gene [33] .
Advantages of Expression or Heterologous Proteins as Fusion
Proteins or with Protein Tag. Many vectors are available which allow expression of heterologous proteins which are fused at their N-or C-terminal partners are oen termed as protein tag [38] . For example, Histidine (His) tag is a fusion protein. Such fusion partners offer several potential advantages. Improved expression: fusion of the N terminals of a heterologous protein to the C-terminus of a highly expressed fusion partner oen allows high level of expression of the fusion protein [39] . Improved solubility: fusion of N terminus of heterologous protein to the C-terminus of a soluble fusion partner oen improves solubility of a protein [40] . Improved detection: fusion of a protein at either terminus to a short peptide or a polypeptide which is recognized by an antibody or binding protein allows western blot analysis of a protein during expression and puri�cation [41] . Improved puri�cation: it is a widely used phenomenon. Simple puri�ca-tion schemes have been described for proteins fused at either end to tags which bind affinity resins. Available tags include His 6 (six tandem Histidine residues), which bind to Ni-NTA (nitrilotriacetate chelated with Ni 2+ ions); GST (glutathione-S-transferase, which bind to glutathione-sepharose). ese tags bind to their speci�c resins and separated easily. ere is no effect of tags on protein and the excised easily [42] .
Correct and Efficient Protein
Folding. During or following translation, the polypeptide must fold so as to adopt its functionally active conformation [43] . Since many denatured proteins can be refolded in vitro, it appears that the information for correct folding is contained in the primary polypeptide structure [44] . However, folding comprises ratelimiting steps during which some molecules may aggregate, particularly at high rates of synthesis and at higher temperatures. In contrast to intracellular proteins, naturally secreted proteins encounter an abnormal environment in the cytoplasm; disulphide bond formation is not favoured and glycosylation cannot occur [45] .
Solutions.
(1) Coexpress additional chaperones to aid in protein folding. is can cause a reduction in the expression of the enzyme, but it promotes solubility. ere is evidence that certain heat shock proteins act as molecular chaperones in preventing the formation and accumulation of unfolded aggregates, while accelerating the folding reactions. (2) For disul�de bond formation, coexpress thioredoxin (or use as a fusion partner) or use strains de�cient in thioredoxin reductase. An alternative to consider is targeting the protein to the periplasm where disul�de-bond formation can occur (most E. coli proteins having disul�de bonds are located in the periplasm) [46] . ∘ C can promote inclusion body formation for some proteins while growth at lower temperatures (e.g., 30
∘ C, 25 ∘ C, 15 ∘ C) may not. (2) e lower temperature also decreases protease activity. Disadvantages are the following. (1) Growing the culture at a lower temperature will signi�cantly slow the growth of E. coli, and so a longer induction period (e.g., overnight) may be necessary to obtain a sufficient amount of recombinant protein. (2) Growing the culture at a lower temperature will slow the rate of protein synthesis, possibly keeping recombinant proteins from saturating cellular folding machinery and aggregating [47] . (b) Addition of cofactors: potential cofactors should be added to the growth medium. Some proteins cannot properly fold without their cofactor and therefore can form inclusion bodies. (c) pH alteration: alteration of pH of growth medium can improve expression. pH is one culture variable that can affect proteolytic activity, secretion, and protein production levels [48] .
Metabolic Load on the Organism.
Regardless of the nature of the foreign gene or the design of the fermenter, the introduction of an exogenous plasmid into an E. coli cell is bound to impose some metabolic load [49] .
5.12.1. Solution. is may be avoided (1) by integrating the foreign gene into the E. coli chromosome through the use of a defective bacteriophage lambda lysogen carrying the foreign gene [50] , (2) by the direct insertion of a foreign gene into a speci�c site on the host chromosome [51] .
Conclusion
While the efficient expression of foreign genes in E. coli is dependent on a number of factors, it is nevertheless reasonable to expect that most foreign genes may be expressed at high levels in E. coli and that this expression will be amenable to scale-up. Although the strategy of gene expression and scale-up is likely to vary, there are more similarities than differences from one gene to the next, resulting in the development of a "systems" approach to the cloning, expression, and scale-up of enzyme genes in E. coli. e eventual objective of producing a desired protein in an economical heterologous host is in�uenced by a variety of factors. However, maximizing production of heterologous proteins for commercial application is still an art. We have begun to understand factors in�uencing the eventual production. ese factors, described in detail in this paper are varied and at times poorly understood. Largely the approach remains empirical. However, our collective experience will permit us to rationalize our approach in designing heterologous production of commercially important enzymes in a variety of expression systems. Subsequent to production, stabilization, and formulation of proteins will pose signi�cant hurdles in utilizing the natural biological catalysts and other proteins for therapeutic and industrial purposes.
